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Abstract

Climate warming is driving changes to snowpack and streamflows in snow and ice-driven
systems throughout the world. To better understand present and future conditions, we need to
examine conditions prior to the onset of climate warming. Tree ring records are used widely to
reconstruct pre-instrumental climate and hydrological records. Some locations are more
conducive to this methodology than others, however, and moisture-rich environments such as the
west slopes of the Cascade mountains continue to present challenges to effective hydrological
record reconstruction. Previous researchers working in this environment have employed several
techniques in response to this problem, which require integrated dendrochronological and
hydrological modeling, independently reconstructed climate records, or access to an X-ray
densiometer. We advocate for the use of a less costly technique in terms of skill, data, and money
that can be used alone or in tandem with more advanced techniques to improve the quality of
hydrological reconstruction models in this environment: subannual ring-width measurements. As
of yet, no one has applied this technique to the species mountain hemlock (Tsuga mertensiana),
or to streamflow reconstruction modeling in the coastal Pacific Northwest. We found that
separating annual ring-widths into subannual earlywood and adjusted latewood measurements
resulted in stronger and less confounded associations with climate and hydrological data, and
significantly improved the skill of a streamflow reconstruction model of average August
streamflow of the upper North Fork Nooksack River in northern Washington State, USA.
Earlywood associated most strongly with winter through summer snowpack of the same water
year, and adjusted latewood associated most strongly with late summer temperature and
precipitation of the same and previous water year. Earlywood contained a streamflow signal

from the same water year and adjusted latewood contained a streamflow signal from the previous

iv



water year, allowing for the development of a streamflow reconstruction model. We observed an
improvement in reconstruction model fit of 7% using earlywood and forward-lagged adjusted

latewood rather than annual ring-width.

Note that for publication purposes, | chose to use first-person plural rather than singular
throughout the text because there will be multiple authors on the final manuscript submitted for

publication.
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1.0 Introduction

Snowpack and streamflows in snow and ice-driven systems across the world are
experiencing dramatic changes in response to a warming climate. Across western North
America, more than 98% of snow measurement stations with more than 40 years of recorded
data have experienced reductions in April 1st SWE (snow water equivalent) (Musselman et al,
2021). Snowpack in the North Cascades decreased by an estimated 25% from 1950-2006 (Mote
et al, 2008). Glaciers on Mount Baker lost an estimated 12-20% of their volume from 1990-2010
(Pelto & Brown, 2012). As climate warming continues, declining snowpack and glacial ice will
lead to streamflow droughts during late summer in the transient snow-rain watersheds on the
west slopes of the Cascade mountains. This is particularly concerning in the Pacific Northwest
region, where summer precipitation is low but human demands on summer water resources are
high (Hamlet et al, 2005; Mote et al, 2005; Dudley et al, 2016; Mote et al, 2018; Dierauer et al,
2019). Unfortunately, little is understood about pre-instrumental trends and variability in late
summer streamflow on the west slopes of the Cascades. Increasing our understanding of past late
summer streamflow characteristics can provide context for future conditions under climate
change.

Streamflows in the Cascade mountains are highly responsive to climate fluctuations. This
region contains an abundance of watersheds with large areal proportions near or above snowline
elevation. Changes in the ratio of precipitation falling as rain or snow in these watersheds can
cause significant changes in streamflow volume and timing throughout the year (Leung &
Wigmosta, 1999; Hamlet et al, 2005; Li et al, 2017; Mote et al, 2018). Instrumental streamflow
records show changes in streamflow regimes corresponding to human-induced climate change,

with snow melting earlier in the warm season and snowpack accumulation starting later in the



cold season (Mote et al, 2005; Stewart et al, 2005; Mote et al, 2018; Musselman et al, 2021).
This causes decreased water storage on the land and decreased streamflow in late summer when
precipitation is scarce and the snowpack has melted (Barnett et al, 2005; Hamlet et al, 2007;
Luce & Holden, 2009; Tohver et al, 2014; Vano et al, 2015; Dudley et al, 2016; Li et al, 2017).
In watersheds containing glaciers, late summer streamflow is regulated by glacial melt (Fountain
& Tangborn, 1985; Granshaw & Fountain, 2006; Moore et al, 2009; Pelto, 2015). However, as
glaciers shrink in response to climate change they contribute decreasing volumes of meltwater to
streamflow (Stahl et al, 2006; Stahl & Moore, 2006; Moore et al, 2009; Murphy, 2016).

Streams flowing from the Cascade mountains supply the growing human populations of
Washington State, Oregon, northern California, and southwestern British Columbia with water
resources. These streams are also home to ecologically and culturally important animal species
such as anadromous fish that are negatively affected by decreasing flows and rising stream
temperatures (Mantua et al, 2010; Isaak et al, 2011). Water resource planners raise concerns
about future water availability in late summer under the effects of climate change (Bach, 2002;
Payne et al, 2004; Barnett et al, 2005; Wiley & Palmer, 2008; Grah & Beaulieu, 2013;
Dickerson-Lange & Mitchell, 2014; Murphy, 2016; Li et al, 2017). However, our ability to study
those water resources is limited by the length of our data records. Instrumental streamflow
records in the Cascade mountains typically begin in the first half of the twentieth century, well
after the onset of human-induced climate change (Abram et al, 2016). In order to provide better
context for present and future conditions, pre-instrumental records are required.

One method of acquiring pre-instrumental records involves using the annual ring-widths
of climate-limited trees as a proxy for past climate and hydrological conditions (Fritts, 1976;

Cook & Kairiukstis, 1990). The reconstruction of streamflow records in moisture-limited



environments has been done with great success in western North America (Watson & Luckman,
2005; Woodhouse et al, 2006). However, in contrast to the majority of western North America,
tree growth on the west slopes of the Cascades is not strongly limited by moisture
(Marcinkowski et al, 2015; Trinies, 2019). This makes the reconstruction of streamflow records
in this environment difficult (Mood & Smith, 2021). Though the reconstruction of rain-
dominated streamflows in the region has thus far eluded researchers, some have successfully
reconstructed snow-dominated and transient snow-rain summer streamflows with trees growing
in places where snowpack limits growing season length (Hart et al, 2010; Starheim et al, 2013,
Coulthard & Smith, 2016; Mood & Smith, 2021).

This study seeks to reconstruct the average August streamflow record of the upper North
Fork Nooksack River, where snowpack and glacial melt drive late summer streamflow (Bach,
2002; Dickerson-Lange & Mitchell, 2014; Murphy, 2016). We do so using subannual tree ring-
width measurements, a method not yet applied to streamflow reconstruction on the west slopes

of the Cascade mountains.

1.1 Research Background

Tree-ring records have been used to reconstruct streamflow records throughout western
North America, providing streamflow information from centuries prior to human-induced
climate change (Meko et al, 2001; Watson & Luckman, 2005; Woodhouse et al, 2006). At high
elevations on the west slopes of the Cascade mountains, the growth of trees tends to be limited
by deep, persistent snowpack (Peterson & Peterson, 1994; Peterson & Peterson, 2001; Peterson
et al, 2002; Ettinger et al, 2011). The radial growth of mountain hemlock (Tsuga mertensiana) is

particularly sensitive to fluctuations in snowpack via length of growing season (Brubaker, 1980;



Heikkinen, 1985; Graumlich & Brubaker, 1986; Woodward et al, 1994; Smith & Larocque,
1998; Gedalof & Smith, 2001; Peterson & Peterson, 2001). This relationship between mountain
hemlock growth and snowpack not only makes snowpack reconstruction possible (Appleton &
St. George, 2018; Harley et al, 2020; Mood et al, 2020; Coulthard et al, 2021), it also makes the
reconstruction of snow-dominated streamflows possible (Gedalof et al, 2004; Hart et al, 2010;
Lutz et al, 2012; Starheim et al, 2013; Littell et al, 2016; Coulthard & Smith, 2016; Mood &
Smith, 2021).

Prior streamflow reconstructions in the Pacific Northwest region have been located in the
Columbia River basin (Gedalof et al, 2004; Lutz et al, 2012; Littell et al, 2016), on VVancouver
Island (Coulthard & Smith, 2016), or in the Coast Mountains and Cascades of southwestern
British Columbia, Canada (Hart et al, 2010; Starheim et al, 2013; Mood & Smith, 2021). This
study seeks to provide a streamflow reconstruction located on the west slopes of the Cascade
mountains in northern Washington State, U.S.A., for the upper North Fork Nooksack River. No
significant diversion structures have been placed on this stream, so measured streamflow values
represent natural flows (Bach, 2002).

Furthermore, this study seeks to follow Lutz et al (2012), Starheim et al (2013),
Coulthard & Smith (2016), Coulthard et al (2016), and Mood & Smith (2021) in focusing on late
summer streamflow due to the stress on water resources projected to occur in response to climate
change. Additionally, dendrohydrological reconstructions in the wet coastal Pacific Northwest
environment are currently restricted to seasons when snow and glacier melt dominate flow
regimes, such as late summer, since tree growth west of the Cascade crest is not strongly limited

by moisture (Marcinkowski et al, 2015; Trinies, 2019; Mood & Smith, 2021).



The North Fork Nooksack basin contains glaciers on the north flanks of Mt Baker and Mt
Shuksan, representing 77% of the total glaciated area within the main stem Nooksack basin. The
Middle Fork basin contains the remaining 23% of glaciated area and the South Fork 0% (Truitt,
2018). Loss of glaciers in response to climate change could significantly reduce late summer
streamflow. Dickerson-Lange & Mitchell (2014) forecasted a possible 21-33% reduction in main
stem summer streamflows by the 2050s. Within the North Fork basin alone, Murphy (2016)
predicted a decrease in late summer streamflows of 62-77% by 2075, with glacial meltwater
contributing half the amount of 2025 volumes.

Increasing human demands on local water resources, warming temperatures, and the
melting of snowpack and glaciers indicate the necessity of studying North Fork Nooksack River
flow dynamics (Grah & Beaulieu, 2013). This study seeks to contribute to the understanding of
the pre-instrumental upper North Fork Nooksack River system by reconstructing its average
August streamflow over the past four centuries.

In response to the difficulties of reconstructing hydrological variables using tree rings in
a moisture-rich environment, dendrochronologists have employed a number of advanced
techniques aimed at improving the hydrological signals extracted from tree-rings. Lutz et al
(2012) used an integrated modeling approach by reconstructing cool season precipitation from
annual tree ring-width data and used this to develop meteorological forcings used in the Variable
Infiltration Capacity (VIC) hydrological model to produce a warm season streamflow
reconstruction. Coulthard et al (2016) used annual tree ring-width data in tandem with
reconstructed Palmer Drought Severity Index (PDSI) data produced from independent tree-ring
samples as predictors of summer streamflow. In a similar fashion, Mood & Smith (2021) used

annual tree ring-width data in tandem with independently-reconstructed Pacific Decadal



Oscillation (PDO) data as predictors of July-August streamflow. Starheim et al (2013) used
annual tree ring-width and maximum density data as predictors of July-August streamflow.
These studies all explained a greater amount of variance in streamflow in reconstruction models
than they would have with annual tree ring-width predictors alone. However, the success of their
methods relied on specialized skills with hydrological modeling, the prior existence of
independently-developed PDSI or PDO reconstructions or the time and resources to create said
reconstructions in addition to a streamflow reconstruction, and access to an expensive X-ray
densiometer, respectively.

This study explores the use of a less costly technique in terms of skill, time, and monetary
investment to increase the strength of hydrological signals derived from tree rings: subannual
earlywood and latewood ring-width measurements. Earlywood is the lighter portion of annual
tree-rings, with larger cells and thinner cell walls, and represents early season radial growth.
Latewood is the darker portion of annual tree-rings, with smaller cells and thicker cell walls, and
represents late season radial growth. These anatomically distinct features can be identified
visually and measured with the same tools that most tree-ring researchers already possess, such
as a Velmex system and ring-width measurement software such as the free Tellervo software
(Speer, 2010; Brewer, 2014).

In climate-limited environments, trees may react to different climate variables throughout
their growing season (Fritts, 1976). The utility of subannual ring-width measurements of
Douglas-fir (Pseudotsuga menziesii) and Ponderosa pine (Pinus ponderosa) in climate
reconstruction models has been demonstrated successfully in the American Rockies (Crawford et
al, 2015) and in the desert southwest (Meko & Baisan, 2001; Stahle et al, 2009; Griffin et al,

2011), where earlywood ring-widths correlate with cool season precipitation and latewood ring-



widths correlate with warm season precipitation. These studies all statistically correct for the
dependence of latewood on antecedent earlywood growth at the site or core level by modeling
latewood width (dependent variable) as a function of earlywood width (independent variable)
and taking the residuals + 1 as adjusted latewood width. In this manner, correlation between
earlywood and adjusted latewood is removed and these subannual ring-width measurements
represent separate growth signals within the same growing season.

To the best of our knowledge, no one has yet applied this technique to mountain hemlock
or to streamflow reconstruction in the coastal Pacific Northwest. This paper addresses the
following research questions:

1. How do subannual ring-width measurements in mountain hemlock associate with
climate and hydrology variables at high elevation in the North Cascades?
2. Can subannual ring-width measurements be used to produce a reliable

reconstruction of late summer streamflow in the coastal Pacific Northwest?

2.0 Methods

2.1 Study Area

The North Fork Nooksack basin is located on the north sides of Mt Baker and Mt
Shuksan, adjacent the US-Canada border in the Cascade mountains of Washington State, U.S.A.
The North Fork Nooksack River captures runoff from 760 square kilometers of basin area above
the confluence with the Middle Fork Nooksack near Welcome, Washington. Our study area

encompasses the upper 269 square kilometers of the North Fork Nooksack basin, spanning an



elevation of 390 meters (1,280 feet) near Glacier, WA to 3,286 meters (10,781 feet) at the
summit of Mt Baker. The upper basin contains montane forest, subalpine parkland, and glaciated
terrain. Our study sites sit within the upper basin or near the basin boundary (Figure 1). The
upper basin lies in the transition zone between the “Warm Summer Mediterranean” and
“Temperate Oceanic” Koppen Climate Classification zones (Peel et al, 2007). About 70% of the
region’s precipitation falls between October and March (Dickerson-Lange & Mitchell, 2014). A
large proportion of winter precipitation in the upper basin falls as snow and is stored on the
landscape for six or more months of the year until it is melted in spring and summer when warm
and dry conditions prevail (Figure 2). This basin was selected due to existing tree core samples
collected by A.G. Bunn at the Heather Meadows site within the basin (Bunn, 2012).

Snowpack and glacier melt drive the streamflow regime of the North Fork Nooksack
River (Bach, 2002; Dickerson-Lange & Mitchell, 2014; Pelto, 2015; Murphy, 2016). The highest
flows occur in early summer corresponding to warm temperatures and subsequent melt/runoff,
and the lowest flows occur in late winter corresponding to cold temperatures and snowpack

accumulation/storage (Figure 3).

2.2 Tree-Ring Data

At climatologically extreme range limits, the radial growth of trees is primarily a function
of climate conditions (Fritts, 1976; Ettinger et al, 2011). Our study sites were located at the
climatological range limit of mountain hemlock trees corresponding to persistent snowpack. All
three study sites sit on north-facing slopes in high elevation (4,350 to 4,900 feet), open-canopy

parkland environments near treeline at Heather Meadows, Grouse Ridge, and Canyon Ridge



(Figure 1). The Heather Meadows site included cores collected by this study and cores
previously collected by A.G. Bunn (2012).

In the summer of 2019, we cored 18 trees at Heather Meadows (in addition to the 14 trees
previously cored by A.G. Bunn), 20 trees at Grouse Ridge, and 20 trees at Canyon Ridge. We
took at least two cores per tree at breast height using a 3mm Haglof increment borer. We cored
parallel to the slope in order to minimize the inclusion of reactive growth caused by geomorphic
processes or other physical damage. Coordinate location and diameter at breast height were
recorded for each sample tree. Selected sample trees had minimal visible structural damage and
produced cores without rot. Cores were transported to the lab in paper straws within a protective
case.

We placed cores in a drying oven at 40 degrees Celsius for 24 hours due to the high
humidity of ambient air. Cores were then mounted on permanent fiberboard holders with Elmer’s
wood glue. Once dry, cores were sanded to a polish with a series of progressively finer-graded
sandpaper up to 600-grit to reveal ring boundaries visible at the cellular level under
magnification. We estimated sample ages using the dotting method (Stokes & Smiley, 1968). We
measured ring widths, separated into earlywood and latewood, under a dissecting microscope
with a Velmex unislide and Tellervo software (Speer, 2010; Brewer, 2014).

After visual crossdating, we statistically crossdated sample total ring-widths using
individual series from all three study sites. We used COFECHA software to verify the specific
year each tree-ring formed (Holmes, 1983). Series which did not express a unified regional
signal were removed prior to further analyses. We altered earlywood and latewood ring dates to

match corresponding annual ring dates. The overall sample period spanned 1430-2018.



We detrended individual ring-width series with a 100-year spline to remove age-related
growth trends and preserve most low-frequency variability in ring-widths using R package dpIR
(Fritts, 1976; Bunn, 2008). We calculated prewhitened residual ring-width chronologies of total
ring-width, earlywood width, and latewood width using a bi-weight robust mean to correct for
biologically driven, low-order autocorrelation and limit the influence of outlier values (Cook &
Kairiukstis, 1990). We trimmed chronologies to an appropriate sample depth using a Subsample
Signal Strength (SSS) cutoff of 0.85 (Buras, 2017).

To correct for the influence of antecedent earlywood growth on latewood growth, we
calculated adjusted latewood chronologies at the site level after Meko & Baisan (2001) and
Stahle et al (2009). For each study site, we made a linear model with the site latewood width
chronology as the dependent variable and the site earlywood width chronology as the
independent variable, taking the residuals as the site adjusted latewood chronology. The three
site adjusted latewood chronologies averaged together made up the regional adjusted latewood

chronology.

LWa = residuals (linear model (LW~EW)) + 1

Where:
LWa = adjusted latewood chronology
LW = raw latewood chronology (dependent variable)

EW = earlywood chronology (independent variable)

To further reduce statistical noise and amplify unified regional signals in our tree-ring

data, we also extracted principal components from the ring-width chronologies (Peters et al,
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1981). Variables were centered and scaled in R using the ‘prcomp’ function (R Core Team,
2022). We ran separate principal component analyses for each annual and subannual tree-ring
variable (total ring-width, earlywood, raw latewood, and adjusted latewood), where inputs were
the corresponding site ring-width chronologies. The results were four principal component (PC)
chronologies consisting of unitless tree-ring proxies (eigenvalues). We examined the amount of
variance explained by the principal components of each tree-ring variable, taking only the first
principal component of each for further analyses. In the case of all variables, principal
components after the first explained considerably smaller proportions of variance in ring-width

(=< 21%) (Table 1).

2.3 Hydrology & Climate Data

Monthly average streamflow data from 1938-2018 came from USGS stream gauge
10.12205000, “NF Nooksack River below Cascade Creek near Glacier, WA” (USGS, 2019).

Monthly snowpack data from January 1950 to February 2012 came from Hostetler and
Alder, 2016. Snowpack data were simulated with a Monthly Water Balance Model (MWBM)
using 800m Parameter-elevation Regression on Independent Slopes Model (PRISM) data as
model inputs over the conterminous US (PRISM, 2014). The model calculated monthly snow
water equivalent (SWE) values based on monthly total precipitation and monthly average
temperature. Modeled data were examined for error with observed data from the Snow Data
Assimilation System (SNOWDAS) and the Snowpack Telemetry Network (SNOTEL) (Hostetler
& Alder, 2016; Alder & Hostetler, 2018). We ran a comparison of modeled and observed SWE
data at the three nearest SNOTEL sites to our study area (USDA Natural Resources Conservation

Service, 2021). Modeled data near the upper North Fork Nooksack basin consistently

11



underpredicted SWE values but captured variation over time well (Figure 4). Data were
downloaded as NetCDF bricks, with a time series of values stored in each grid cell of modeled
monthly snowpack (SWE, in mm). The NetCDF was converted to points and trimmed to the
extent of the upper North Fork Nooksack basin in ESRI ArcGIS software (ESRI, 2019). We
averaged the snowpack values from each grid point over the basin area at each time step to yield
one time series representing basin-scale snowpack conditions for every month from January
1950 to February 2012.

We extracted monthly Parameter-elevation Regression on Independent Slopes Model
(PRISM) climatic data from 1901-2009 using ClimateWNA over a 1 kilometer grid of the North
Fork Nooksack basin above USGS stream gauge n0.12205000 (Hamann et al, 2013; PRISM,
2014; USGS, 2019). We averaged temperature variables and summed precipitation from each
grid cell over the basin area at each time step to yield time series representing basin-scale climate
conditions for every month from January 1901 to December 2009. Resulting basin-scale climatic
datasets were monthly average temperature, monthly maximum temperature, monthly minimum

temperature, and monthly total precipitation.

2.4 Statistical Analyses

We examined associations between basin-scale climate conditions and streamflow in the
available instrumental era (1938-2009) using Pearson’s correlation analysis. We correlated basin
monthly average temperature, monthly maximum temperature, monthly minimum temperature,
monthly total precipitation, and monthly average snowpack (SWE) with monthly average

streamflow.
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We examined associations between basin-scale climate conditions and tree-ring
chronologies in the available instrumental era (1901-2009) using Pearson’s correlations. We
correlated the basin monthly climate datasets listed above with earlywood and adjusted latewood
ring-width and PC chronologies.

To assess the potential for reconstruction of pre-instrumental streamflow with subannual
tree-ring data, we examined associations between tree-ring chronologies and monthly average
streamflow in the available instrumental era (1938-2018) using Pearson’s correlation analysis.
We correlated upper North Fork Nooksack monthly streamflow data with earlywood and
adjusted latewood ring-width and PC chronologies.

Following assessment of reconstruction potential, we developed regression models of
average August streamflow using various combinations of ring-width, PC, and backwards- and
forwards-lagged chronologies as inputs. We assessed model fit using rolling forecasting origin
cross-validation (80 samples, non-fixed window, minimum sample size of 36, withholding 6
values from each sample) using R package caret (Kuhn, 2008; Hyndman & Athanasopoulos,
2018). We selected the best reconstruction model based on cross-validation results and the
biological plausibility of climate variable controls on tree growth. We then reconstructed average
August streamflow of the upper North Fork Nooksack River from 1574-2017 using an Ordinary

Least Squares (OLS) regression and identified years of exceptionally low and high streamflows.
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3.0 Results

3.1 Tree-Ring Chronologies

Sixteen mountain hemlock ring-width chronologies and four principal component
chronologies were developed for this study. We developed total width, earlywood width, raw
latewood width, and adjusted latewood width prewhitened residual ring-width chronologies
(henceforth ‘ring-width chronologies’) for each site location (Heather Meadows, Grouse Ridge,
and Canyon Ridge), as well as regional chronologies which consisted of individual core samples
from all three site locations. Table 2 provides a summary of tree core samples and crossdating
statistics for total width chronologies. Figure 5 shows the site and regional total width
chronologies. Total width, earlywood, raw latewood, and adjusted latewood principal component
chronologies (henceforth ‘PC chronologies’) were calculated at the regional level, with inputs to
principal components analyses being the three ring-width site chronologies for each respective
annual or subannual tree-ring variable. Figure 6 shows the regional earlywood and adjusted
latewood ring-width and PC chronologies. The first principal component of each tree-ring
variable explained 66-86% of the variation in radial growth, indicating highly unified growth
patterns in the ring-width chronologies (Table 1).

The regional ring-width chronologies contain cores from the interval 1430-2018, with at
least 50 cores contributing to the latter 350 years of the chronology. Sample depth of individual
series decreased progressively to 22 cores at 1600, 10 at 1550, and less than 5 from 1430-1500.
To ensure that the regional chronologies captured a common signal between trees, we truncated
the chronologies at 1574 based on a subsample signal strength (SSS) >0.85, with at least 12

cores contributing to each year.
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Variation in total ring-width primarily reflected variation in earlywood. Unprocessed
earlywood widths comprised 73% of unprocessed total ring-widths. A linear model with the
regional earlywood ring-width chronology as predictor (independent variable) of the regional
total ring-width chronology (dependent variable) indicated that earlywood width described 94%
of the variance in total width.

Adjusted latewood chronologies were used for subsequent analyses instead of raw (non-
adjusted) latewood chronologies since variation in raw latewood primarily reflected variation in
earlywood, though the degree to which latewood depended on antecedent earlywood differed
between sites. Earlywood described 49%, 54%, and 78% of the variance in raw latewood at
Heather Meadows, Grouse Ridge, and Canyon Ridge, respectively (Figure 7). The regional
adjusted latewood width chronology represents the three site adjusted latewood width
chronologies averaged together.

Regional ring-width chronologies were used instead of the PC chronologies for
reconstruction modeling analyses. The less-abstract ring-width chronologies produced similar
but generally higher correlations with climate and streamflow variables than the PC
chronologies. Most importantly, ring-width chronologies produced stronger correlations with the
target reconstruction variable, average August streamflow. Furthermore, ring-width and PC
chronologies were highly correlated with each other within respective seasonal pairings (Table
3). This provides further evidence of the unified signal present in the regional ring-width

chronologies and their utility for dendroclimatic analysis.
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3.2 Streamflow-Climate Associations

In our analysis of associations between basin-scale climate conditions and streamflow,
we found significant correlations between climate variables (monthly average temperature,
monthly maximum temperature, monthly minimum temperature, monthly total precipitation,
monthly average snowpack (SWE)) and monthly average streamflow of the upper North Fork
Nooksack River. We used Pearson’s correlations with 95% and 99% confidence intervals.

Throughout the cold season, monthly average streamflow was positively correlated with
average temperature of the same month (November through May). However, this changed in the
warm season to a lagged pattern where summer streamflow was correlated negatively with
spring average temperature (June through August streamflow correlated negatively with March
through May average temperatures). This pattern continued into summer when summer
streamflow was correlated negatively with summer temperatures from the preceding month (July
through August streamflow correlated negatively with June through July average temperatures)
(Figure 8, panel a).

Correlations between streamflow and other temperature variables (monthly maximum
and minimum temperatures) closely tracked the same seasonal pattern as correlations with
monthly average temperatures, with minor differences (Figure 8, panels b and c).

During the low-streamflow season (August through April), monthly average streamflow
was positively correlated with total monthly precipitation of the same month. During the
summer, we observed a lagged relationship between precipitation and streamflow where June-
August streamflow correlated positively with January-March precipitation from earlier that year

(Figure 8, panel d).
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Autumn streamflow correlated positively with autumn basin snowpack (October through
November). Summer streamflow correlated positively with winter, spring, and summer basin
snowpack (June through August streamflow correlated with January through August basin

snowpack) (Figure 8, panel e).

3.3 Climate-Growth Associations

In our examination of associations between basin-scale climate conditions and tree
growth, we found significant correlations between climate variables (monthly average
temperature, monthly maximum temperature, monthly minimum temperature, monthly total
precipitation, monthly average snowpack) and tree-ring chronologies (regional earlywood width,
earlywood PC, adjusted latewood width, adjusted latewood PC). We ran our correlation tests on
the interval of the previous year’s June through the same year’s September. We used Pearson’s
correlations with 95% and 99% confidence intervals. Ring-width and PC chronologies produced
highly similar correlation results, though ring-width chronologies consistently produced slightly
higher correlation coefficients than PC chronologies. The following text therefore pertains to the
ring-width chronologies only, though coefficients for both ring-width and PC chronologies are
featured in Figure 9.

The regional earlywood width chronology showed a strong negative association with the
previous year’s July temperature variables (average, maximum, and minimum temperature). This
pattern shifted to a positive association with temperature variables during the previous year’s
autumn. There were significant positive correlations with average and maximum temperatures of

the same year in January, March, April, and June. Correlations with minimum temperature of the
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same year were not significant, though coefficients showed a similar pattern as average and
maximum temperature coefficients (Figure 9, panels a, ¢, & e).

The earlywood width chronology showed a positive association with the previous year’s
July total precipitation. This pattern shifted to a negative association with precipitation during the
previous year’s autumn. There were significant negative correlations with the previous year’s
October total precipitation and the same year’s February, March, April, June, and July total
precipitation. Associations between earlywood and snowpack (SWE) showed a similar pattern,
although the strength of coefficients was much higher for the snowpack variable. Significant
negative correlations were found for the previous year’s June and July snowpack, and significant
positive correlations were found for the previous year’s October through the same year’s August
snowpack (Figure 9, panels g & ).

The regional adjusted latewood width chronology showed a strong negative association
with the previous year’s July, August, and October average and maximum temperatures. This
pattern shifted to a positive association with average and maximum temperatures during the
same year’s spring. There were significant positive correlations with the same year’s August
average temperature and July-August maximum temperature. No significant correlations were
found between adjusted latewood and minimum temperature (Figure 9, panels b, d, & f).

The adjusted latewood width chronology showed a positive association with the previous
year’s July, August, and November total precipitation. This pattern shifted to a negative
association with total precipitation during the same year’s spring. There were significant
negative correlations with the same year’s July and August total precipitation. Associations
between adjusted latewood and snowpack followed a similar pattern, though correlation

coefficients approached zero for most months with the exception of a few months with
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significant correlation coefficients. There were significant positive correlations with the previous
year’s July and August snowpack and a significant negative correlation with the same year’s
August snowpack (Figure 9, panels h & j). Note that snowpack data indicates very low values,
often zero, for the month of August, so the strength of correlation coefficients from this month

should be interpreted with care.

3.4 Streamflow-Growth Associations

To assess the potential for reconstruction of pre-instrumental streamflow with subannual
tree-ring data, we ran the same correlation testing procedure detailed above with average
monthly streamflow data and tree-ring chronologies. The following text pertains to the ring-
width chronologies only, though coefficients for both ring-width and PC chronologies are
featured in Figure 10.

The regional earlywood width chronology showed a positive association with the
previous year’s average August streamflow. This pattern shifted to a negative association during
the previous year’s autumn. There were significant negative correlations with the same year’s
summer streamflows from June-August, with the highest correlation coefficient for average
August streamflow at R = -0.56 (Figure 10, panel a).

The regional adjusted latewood width chronology showed a positive association with the
previous year’s July and August average streamflows, with the highest correlation coefficient for
the previous year’s average August streamflow at R = 0.26. There were no significant

correlations between adjusted latewood and same-year streamflows (Figure 10, panel b).
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In summary, average August streamflow signals were present in both earlywood and
adjusted latewood. The earlywood signal was contained in the same calendar year (T0), while the

adjusted latewood signal was contained in the year following streamflow observation (T+1).

3.5 Streamflow Reconstruction

We reconstructed average August streamflow of the upper North Fork Nooksack River
from 1574-2018 using our regional earlywood ring-width chronology (T0) and forward-lagged
adjusted latewood ring-width chronology (T+1). We chose this model based on cross-validation
and calibration results (Table 5). Notably, models with PC chronology predictors showed
marginally lower fit than models with ring-width chronology predictors.

An ordinary least squares (OLS) regression of average August streamflow with these
predictors explains a moderate amount of streamflow variation (R-squared = 0.32) during the
model calibration period, 1938-2017. Figure 11 shows the modeled and observed average August
streamflow records over the calibration period.

Based on an acceptable replication of the observed streamflow record, we used the
regional earlywood ring-width and adjusted latewood chronologies to reconstruct the average

August streamflow record back to 1574 using the following equation:

SFaug = -890.9*EW + 362.3*LWar+1 + 1328.5
Where:
SFaug = Average August streamflow
EW = regional earlywood chronology (ring-width indices)

LWar+1 = forward-lagged regional adjusted latewood chronology (ring-width indices)
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The reconstruction indicated the lowest average August streamflows (below the 1st
percentile) in 1591, 1600, 1726, and 1756 (Figure 12, panel a). The most notable periods of
sustained low flows were indicated from 1677-1686, 1824-1837, and 1932-1948 (Figure 13).

The reconstruction indicates the highest streamflows (above the 99th percentile) in 1587,
1715, 1810, and 1819 (Figure 12, panel b). The most notable periods of sustained high flows

were indicated from 1693-1703 and 1806-1817 (Figure 13).

4.0 Discussion

4.1 Tree-Ring Chronologies

The tree-ring chronologies produced for this study were sensitive to climate and useful in
dendrohydrological reconstruction models. Total ring-widths were mostly comprised of
earlywood width, and earlywood width explained most of the variance in total width (94%) and
raw latewood width (49-78%) prior to latewood adjustment.

Regional ring-width chronologies usually produced slightly higher correlations with
climate and streamflow data than PC chronologies. This could be due to the close proximity of
data collection sites and low number of ring-width site chronology inputs to Principal
Components Analyses. However, the production of similar correlation coefficients between
regional ring-width and PC chronologies further supports the presence of a strong, unified signal
within the ring-width chronologies. We also chose the ring-width chronologies over the PC
chronologies because their ring-width index values are less abstract than PC eigenvalues, making

interpretation of model outputs more accessible.
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Separating total ring-widths into earlywood and adjusted latewood widths increased the
strength of climate signals in the tree-ring data. Correlation with June snowpack (SWE)
increased from R = -0.57 for regional total width to R = -0.63 for regional earlywood width.
Similarly, correlation with average August streamflow increased from R = -0.51 for total width
to R = -0.56 for earlywood. Correlation with August maximum temperature went from R = -0.04
for regional total width to R = 0.32 for regional adjusted latewood width. Correlation with
previous August precipitation went from R = 0.13 for total width to R = 0.39 for adjusted
latewood. Correlation coefficients for all climate variables and all ring-width chronologies are
available in Table 4.

Correlations between raw (non-adjusted) latewood and climate/streamflow variables
demonstrated the influence of antecedent earlywood growth on raw latewood. However,
adjusting latewood effectively negated this problem. For example, raw latewood was
significantly correlated with June SWE at R = -0.39 but adjusted latewood was not at R = 0.002.
Similarly, raw latewood was significantly correlated with average August streamflow at R = -
0.37 but adjusted latewood was not at R = 0.005. Signals in the regional adjusted latewood
chronology can therefore be interpreted as fundamentally different than signals in the regional
earlywood chronology. The adjustment of latewood is a crucial step for anyone who wishes to
use subannual ring-width measurements in dendroclimatic or dendrohydrological analyses
(Meko & Baisan, 2001; Stahle et al, 2009; Griffin et al, 2011; Crawford et al, 2015).

To our knowledge, this study represents the first to use subannual ring-width
measurements from mountain hemlock (Tsuga mertensiana) and the first to use these

measurements for dendrohydrological analyses in the coastal Pacific Northwest. As such,
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associations between these measurements and climate/streamflow variables are not well
understood and our findings represent an initial investigation.

We chose to adjust latewood at the site chronology level after Meko & Baisan (2001) and
Stahle et al (2009), despite the recommendation from Griffin et al (2011) to make the adjustment
at the core level. We were most interested in how earlywood and adjusted latewood associate
with climate in this environment, and Griffin et al (2011) indicated no difference in climate-
growth associations whether latewood was adjusted at the site or core level. We did however find
large differences between sites in the degree to which raw latewood depended on antecedent
earlywood. 49%, 54%, and 78% of the variance in raw latewood was explained by antecedent
earlywood at Heather Meadows, Grouse Ridge, and Canyon Ridge, respectively. It is reasonable
to suspect that there was also a range of variance in dependence within sites (between individual
trees). As with any tree-growth metric, the dependence of raw latewood on antecedent earlywood
could be affected by a number of factors between and within sites such as aspect, light intensity,
geology, soils, local hydrology, understory vegetation, and mycorrhizal network (Kozlowski &
Pallardy, 1997; Cazares et al, 2005).

Although we found the calculation of adjusted latewood at the site level to be adequate
for the purpose of reconstructing streamflow, future studies could reveal more nuanced
relationships by exploring the option to calculate adjusted latewood at the level of individual
cores. Adjusting latewood at the core level would allow for within-tree analyses like testing
whether variance in latewood width diminishes over time in exceptionally old trees, as was
visually observed in Douglas-fir and Ponderosa Pine in New Mexico by Stahle et al (2009) and
to a lesser extent in Douglas-fir in Arizona by Griffin et al (2011). Griffin et al (2011) advocated

for including young and middle-aged trees to counteract this effect so that any problematic
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latewood measurements from elderly samples can be sorted out during the crossdating process
by the weighted mean. The maximum lifespan of mountain hemlock trees is estimated at
approximately 700 years (Peterson & Peterson, 2001). While some of our samples approached
600 years of age, in total our samples had an average series length of 324 years, and 30 of 113
samples had a series length less than 250 years. Our data therefore likely contains sufficient
measurements from young and middle-aged trees, with the caveat that we are working with a

different species in a different environment than Stahle et al (2009) and Griffin et al (2011).

4.2 Climate Controls on Streamflow

The timing of peak and low flows in instrumental streamflow data and the results of
correlation tests with climate data support the classification of the upper North Fork Nooksack
basin as a mixed rain-and-snow dominant system, with the heaviest influence coming from
snowmelt.

Instrumental data show a small, rain-driven runoff peak in November. This peak
diminishes throughout the snow accumulation season until the melt season begins in March, with
a large, snowmelt-driven runoff peak centered in June and decreasing summer flows until the
autumn rain season (Figure 2, Figure 3).

Correlation results show that winter through summer snowpack drives summer
streamflows. Greater snowpack accumulation and persistence into the summer season supports
higher summer streamflows. Correlation coefficients were strongest between streamflow and
snowpack from the preceding month (Figure 8, panel e). August streamflow was correlated with
July snowpack at R = 0.73. July streamflow was even more sensitive to snowpack, with a

correlation of R= 0.79 with June snowpack.
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Significant correlations between streamflow and late summer, autumn, and winter
precipitation of the same month could indicate the influence of rain events on streamflow. The
highest correlation coefficients occur in late autumn and early winter (up to R = 0.69), when
rainfalls are heavy and rain-on-snow events produce high streamflow events (Figure 8, panel d).

Correlation results between streamflow and temperature variables likely indicate
temperature controls on snowmelt and whether precipitation falls as rain or snow. Warmer
temperatures during the spring and early summer melt season were associated with lower
streamflows in the following months (up to R =-0.51), likely due to early reduction in snowpack
and early end of the snowmelt season. There were significant positive correlations between
streamflow and temperatures of the same month from late autumn through May (up to R = 0.67),
when above-freezing temperatures can switch would-be snowfall to rain. When combined with
an existing snowpack, this could create rain-on-snow high flow events.

Both instrumental and modeled average August streamflow inter-annual variability
matched expectations for a mixed rain-and-snow basin. In such a basin, August streamflow
should vary highly from year to year and not relate to streamflow from preceding years
(Coulthard & Smith, 2016). No serial autocorrelation was found in instrumental or modeled

streamflow.

4.3 Climate Controls on Radial Growth

Results of our climate-growth correlation analyses are consistent with previous studies on
mountain hemlock in the Pacific Northwest (Brubaker, 1980; Graumlich & Brubaker, 1986;
Woodward et al, 1994; Smith & Laroque, 1998; Gedalof & Smith, 2001; Peterson & Peterson,

2001; Ettinger et al, 2011; Pitman & Smith, 2013; Marcinkowski et al, 2015).
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Persistence and melt timing of the snowpack determines the start of the growing season,
leaving a snowpack signal in mountain hemlock ring-widths (Smith & Laroque, 1998). Like
many other conifer species growing at the upper elevation treeline, mountain hemlocks do not
begin water uptake or increase respiration until soils reach above-freezing temperatures
(Graumlich & Brubaker, 1986; Peterson & Peterson, 1994; Gedalof & Smith, 2001; Peterson &
Peterson, 2001). Mountain hemlock roots are typically shallow in subalpine environments due to
low nutrient availability in poorly-developed soils, leaving them particularly susceptible to
freeze/thaw soil moisture dynamics (Kozlowski & Pallardy, 1997). Positive correlations between
earlywood and same-year spring and early summer temperatures (up to R = 0.26 in April) and
early summer snowpack (up to R =-0.63 in June) support all of these findings in our samples.

Further evidence of a snowpack limitation on tree growth can be seen in particularly high
and low snowpack years from recent memory, water years 1999 and 2015, respectively. In 1999,
Mount Baker Ski Area (directly adjacent to the Heather Meadows study site) recorded a world
record winter snowfall of 1,140 in (2,896 cm) (Leffler et al, 2001). Our cross-dating results show
that a characteristically narrow growth ring formed throughout our tree-ring samples in the
following growth season. Conversely, in 2015 the same location recorded a snowfall total of only
303 in (770 cm). Our cross-dating results show a characteristically wide growth ring formed
throughout our tree-ring samples in the following growth season.

Summer temperature and precipitation of the same and previous year also leave growth
signals in mountain hemlock ring-widths (Graumlich & Brubaker; Gedalof & Smith, 2001;
Peterson & Peterson, 2001). High early summer temperatures and low early summer
precipitation were associated with greater earlywood widths (up to R = 0.25 for June average

temperature, and R = -0.22 for June precipitation). High late summer temperatures and low late
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summer precipitation in the same year were associated with greater adjusted latewood widths (up
to R = 0.32 for August maximum temperature, and R = -0.19 for August precipitation) (Figure
9). Peterson & Peterson (1994) speculate that this association in annual ring-width could be a
result of light intensity and photosynthetic potential for subalpine larch (Larix lyallii), subalpine
fir (Abies lasiocarpa), and Engelmenn spruce (Picea engelmannii) in the North Cascades. This
could also be true for mountain hemlocks growing in the same subalpine environment, where a
cloudy growing season might limit growth via low light, cool temperatures, and low levels of
photosynthesis.

Temperature and precipitation signals from the previous year’s summer, however, were
opposite and stronger than the same-year signals. High early summer temperature and low early
summer precipitation in the previous year were associated with lower earlywood widths (up to R
=-0.46 for previous July maximum temperature, and R = 0.23 for previous July precipitation).
High temperature and low precipitation in the previous year were associated with lower adjusted
latewood widths (up to R = -0.32 for previous August maximum temperature, and R = 0.39 for
previous August precipitation) (Figure 9). Life cycle processes have been cited by others to
explain this association (Woodward et al, 1994; Gedalof & Smith, 2001; Peterson & Peterson,
2001). In a 30-year study on cone production, Woodward et al (1994) observed that optimal
conditions for cone production in mountain hemlock were the opposite of optimal conditions for
radial growth. Specifically, high temperatures in the previous year’s summer were associated
with a large cone crop and low radial growth. Our samples also followed this pattern. Woodward
et al (1994) concluded that sample trees had finite energy stores and could allocate more energy

towards cone production or radial growth as needed.

27



Until this study, these climate signals had only been documented in mountain hemlock
annual rings (total ring-width), but we found that signal strengths typically increased when total
widths were separated into earlywood and adjusted latewood. Using subannual proxies provides
a more nuanced view of climate-growth associations by partitioning the climate signal recorded
in ring widths into different portions of the growing season. Earlywood was strongly correlated
with winter through summer snowpack, and showed an improved snowpack correlation
compared to total width of up to 6%. Adjusted latewood showed more drastic changes in signal
quality and strength compared to total width, due to its relatively small portion of total width and
dependence on antecedent earlywood width. Of particular note were improvements in
correlations with late summer temperature and precipitation when compared to total width.
Correlation with same-year maximum August temperature increased by 28%, same-year August
precipitation increased by 13%, previous-year August maximum temperature increased by 19%,
and previous-year August precipitation increased by 13% (Table 3). The portion of latewood that
was not determined by antecedent earlywood growth was likely subject to climate conditions
happening in and around the month of August, after which the growing season presumably ends.

Correlations with climate variables near R = 0 in September also support this observation.

4.4 Streamflow Reconstruction with Subannual Predictors

Streamflow of the upper North Fork Nooksack River is largely driven by snowpack
quantity and melt timing (Bach, 2002; Dickerson-Lange & Mitchell, 2014; Murphy, 2016).
High-elevation mountain hemlock radial growth is also largely driven by snowpack quantity and
melt timing, as the tree growing season starts and ends when snow no longer covers roots and

soil temperatures are above freezing (Brubaker, 1980; Heikkinen, 1985; Graumlich & Brubaker,
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1986; Woodward et al, 1994; Smith & Larocque, 1998; Gedalof & Smith, 2001; Peterson &
Peterson, 2001).

Separating total ring-widths into earlywood and adjusted latewood widths strengthened
the streamflow signal available in our tree-ring data. Correlation analyses between subannual
tree-ring variables and climate variables showed that streamflow and earlywood widths were
indirectly connected via snowpack and same-year warm season temperature and precipitation,
while previous-year streamflow and same-year adjusted latewood widths were indirectly
connected via previous-year snowpack, previous-year warm season temperature, and previous-
year warm season precipitation. Separating earlywood and adjusted latewood also allowed us to
lag the adjusted latewood chronology forward by one year to take advantage of its previous-year
streamflow signal in addition to the strong earlywood same-year streamflow signal.

A reconstruction model (Ordinary Least Squares regression) based on total ring-width
alone explained 25% of the variance in average August streamflow. A model based on
earlywood alone explained 30% variance, and a model with earlywood (T=0) and forward-
lagged adjusted latewood (T+1) explained 32% variance. While these models did not explain a
high amount of streamflow variance compared to studies that used more complex techniques
such as such as integrated tree-ring and hydrological modeling (Lutz et al, 2012), combining
tree-ring and independently-reconstructed PDSI or PDO predictors (Coulthard et al, 2016; Mood
& Smith, 2021), and measurement of tree-ring maximum density (Starheim et al, 2013), we
would like to note that we explained an additional 7% of the variance in streamflow by using
subannual predictors rather than annual ring-widths. If subannual measurements were used in
tandem with more complex techniques, streamflow reconstructions in the coastal Pacific

Northwest could be improved.
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We postulate that mountain hemlock subannual ring-width measurements could also be
useful in snowpack reconstructions. This study did not reconstruct snowpack due to the lack of
long-term instrumental data near the study area. However, with modeled snowpack data from
Hostetler & Alder (2016) we observed up to a 6% increase in correlation between snowpack and

earlywood compared to total ring-width.

4.5 Streamflow Reconstruction Model in Hydrological Context

Our streamflow reconstruction underpredicted observed higher-magnitude average
August streamflows, but did passably well at predicting the magnitude of low flows and
capturing trends in above- and below-average flows (Figure 11). This is a common problem with
tree-ring reconstructions of streamflow, which assume a linear relationship between tree growth
and streamflow (Gedalof et al, 2004; Hart et al, 2010; Starheim et al, 2013; Coulthard & Smith,
2016; Littell et al, 2016). A residual plot of our reconstruction model indicates possible minor
non-linearity, but well below statistical significance.

High-elevation mountain hemlock radial growth and upper North Fork Nooksack basin
August streamflow responded to a similar suite of climate conditions. Radial tree growth and
streamflow are fundamentally different variables though, leaving a large amount of streamflow
variance not explained by tree growth. Not only do trees respond differently to the same climate
conditions as streamflow, their radial growth is subject to a host of factors that do not affect
streamflow, such as cone production (Woodward et al, 1994). Conversely, streamflow is subject
to a number of conditions throughout the watershed that trees at our high-elevation subalpine
parkland sites were not subject to, such as glacier melt runoff and land use changes at lower

elevations (Matheussen et al, 2000; Bach, 2002; Dickerson-Lange & Mitchell, 2014; Pelto, 2015;
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Murphy, 2016). We discuss these differences and their implications for our streamflow
reconstruction at greater length in the following paragraphs.

Tree life-cycle processes, potential non-stationarity in climate-growth response, and
differences between study site characteristics could increase noise in radial growth signals and
lower the predictive power of our reconstruction model. As discussed in the ‘Climate Controls
on Radial Growth’ section above, life cycle processes such as cone production can divert tree
internal energy resources away from radial growth (Woodward et al, 1994). The same tree could
therefore put on a different amount of radial growth under the same climate conditions
depending on whether it was in the first or second year of its reproductive cycle. Fortunately,
reproductive processes are also highly responsive to climate conditions, partially reducing this
effect (Woodward et al, 1994). Another factor which could introduce noise in radial growth
signals and lower the predictive power of our reconstruction model was an observation by
Marcinkowski et al (2015) of possible non-stationary climate responses in mountain hemlock
annual rings throughout the North Cascades. They found a reduction in snowpack correlation to
the point of non-significance after the year 2000. We tested for this potential problem in our data
and found it not true for radial growth correlations with snowpack or average August
streamflow. Lastly, trees are complex biological beings and are subject to a host of large- and
small-scale factors beyond climate and reproductive processes. They are affected by aspect, light
intensity, geology, soils, local hydrology, understory vegetation, mycorrhizal network, herbivory,
and other factors that vary between and within study sites (Kozlowski & Pallardy, 1997; Cazares
et al, 2005).

Glacier melt in late summer could contribute to higher average August streamflows than

were detected by our tree-ring data. Summer glacial melt runoff is well documented in the North
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Fork Nooksack basin (Bach, 2002; Dickerson-Lange & Mitchell, 2014; Pelto, 2015; Murphy,
2016). The snow that built the glaciers fell potentially centuries before glacial meltwater reached
the stream channel. Tree growth rings would document this snowfall at the time it occurred
rather than the time it melted and flowed down the stream channel. Murphy (2016) places the
timing of maximum annual glacier melt inputs to the months of August and September. This
could explain some of our reconstruction model’s underprediction of August streamflow. This
effect could be partially accounted for by the late summer temperature signals in our tree-ring
data, which also govern the rate of glacial melt. Trends in reconstructed August streamflows
mostly coincide with Coleman Glacier moraine dates found by Heikkinen (1984). The Coleman
Glacier drains into the upper North Fork Nooksack basin, and periods of sustained increasing
streamflow in our reconstructed record follow moraine dates given by Heikkinen (1984) in 1740,
1823, 1855-1856, 1886-1887, and 1908-1912 (Figure 13). The only moraine dates not followed
by an increase in reconstructed August flows are those dated to 1922 and 1978-1979. An
increase in August flow following the 1978-1979 moraine is visible in observed streamflow data,
however. Streamflow of snow-dominant but non-glaciated streams might be better candidates for
reconstruction (Starheim et al, 2013; Coulthard & Smith, 2016; Mood et al, 2021) than glaciated
streams due to noise from glacial meltwater inputs not documented by tree-rings during the same
year.

Land use changes such as timber harvest have been shown to increase the variability of
summer streamflow in the Columbia River basin (Matheussen et al, 2000). Forest once covered
the entirety of the North Fork Nooksack basin prior to European settlement but lower portions of
the upper basin have been logged since the 1930s (Bach, 2002). In the Columbia Basin,

Matheussen et al (2000) observed greater snow accumulation and greater spring runoff in logged
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areas, which led to more variability in summer streamflows. The effects of timber harvest
activity were somewhat offset by fire suppression in the Columbia basin, but this was not likely
at play in the North Fork Nooksack basin since fire return intervals on the west slopes of the
North Cascades are naturally multiple centuries (Halofsky et al, 2018). Regardless, the
hydrological effects of timber harvest or fire suppression at lower elevations would not be
detected by our high-elevation, subalpine sample trees. Variations in streamflow due to land use
changes therefore represent another source of potential noise and could lower the predictive
power of our reconstruction model.

Reconstructed average August streamflows prior to climate change and European
settlement may be more accurate than later reconstructed flows due to the potential noise from
increased glacial melt and timber harvest discussed above. The instrumental streamflow record
begins in 1938, decades after the start of anthropogenic climate change and shortly after the start
of logging activity in the upper basin. Matches between increased reconstructed flow values and
Coleman glacier moraine dates from Heikkinen (1984) indicate some strength in our streamflow

reconstruction prior to instrumental data.

4.6 Streamflow Reconstruction Implications for Water Resources

Studying historical periods of streamflow drought and surplus could help us prepare for
future water resource planning. City governments have even provided funding to tree-ring
researchers to reconstruct pre-instrumental streamflows in municipal watersheds (Mood &
Smith, 2021). While our particular streamflow reconstruction model did not capture the
magnitude of high average August streamflows during the model calibration period, it did

passably well at capturing the magnitude of low flows and trends in sustained above- and below-
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average flows. However, interpretation of this reconstructed record should be approached with
caution.

Our reconstruction indicates that the most extreme low flows (below the 1st percentile)
may have all occurred in or before 1756 (Figure 12, panel a). The most extreme high flows
(above the 99th percentile) may have all occurred in or before 1819 (Figure 12, panel b),
although the accuracy of predicted high flows should be interpreted critically. Greater extremes
in the earlier portion of the reconstructed record could be due to greater inter-annual fluctuations
in snowpack. Temperature in the Pacific Northwest began warming around 1830, at the end of
the Little Ice Age period (Heikkinen, 1984), which could correspond to lower snowpack
accumulation and variability in late summer streamflow after this date. Higher extremes in the
reconstructed record could also be an artifact of lower tree-ring sample depths contributing to the
early portions of tree-ring chronologies. However, we trimmed chronologies to an appropriate
Subsample Signal Strength (SSS > 0.85) at the year 1574, with at least 50 cores contributing to
ring-width chronologies after 1662.

Both observed and modeled streamflow showed high inter-annual variability, making
identification of multi-year droughts or surpluses difficult at a glance. But a simple 9-year rolling
mean of annual reconstructed flow volumes highlighted periods of generally above- or below-
average flows (Figure 13). The reconstruction indicated longer multi-year droughts and surpluses
than were present in the instrumental data, on the order of 10-15 years rather than 5-7 years.
Water resource managers might therefore consider preparing for these longer naturally-occuring
droughts, let alone droughts that might occur under future climate conditions (Coulthard et al,

2016).
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The most common concern cited by researchers and water resource managers for the
Nooksack basin is the loss of glaciers in a warming climate (Bach, 2002; Grah & Beaulieu, 2013;
Dickerson-Lange & Mitchell, 2014; Pelto, 2015; Murphy, 2016). As glaciers shrink they
contribute decreasing volumes of meltwater to late summer streamflow (Stahl et al, 2006; Stahl
& Moore, 2006; Moore et al, 2009; Murphy, 2016). Striking glacier retreats have been observed
on Mount Baker, where Pelto & Brown (2012) estimated a 12-20% loss in glacier volume from
1990-2010 alone. Murphy (2016) modeled glacier inputs to streamflow in the North Fork
Nooksack basin under potential future climate conditions, and found that glacial meltwater
inputs to late summer streamflow could drop from 51% in 30-year normal streamflow in 2025 to
approximately 25% in 2075. Glacier melt currently acts as a buffer for low late summer
streamflows, increasing meltwater supply during warm, dry years. Their diminishment and

eventual disappearance will greatly affect late summer streamflow volumes.

5.0 Conclusion

We reconstructed average August streamflow of the upper North Fork Nooksack basin in
the Cascade Mountains of northern Washington State, U.S.A. to the year 1574 using subannual
ring-width measurements from mountain hemlock trees. Late summer streamflows in transient
rain-and-snow watersheds are expected to change drastically in response to future climate
change, which makes understanding historical flows increasingly important. We explained an
additional 7% of the variance in August streamflow by separating total ring-widths into

earlywood and adjusted latewood widths.
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Our methods required less skill, time, and money than other, more complex methods
being employed locally such as integrated tree-ring and hydrological modeling (Lutz et al, 2012),
combining tree-ring and independently-reconstructed PDSI or PDO predictors (Coulthard et al,
2016; Mood & Smith, 2021), and measurement of tree-ring maximum density (Starheim et al,
2013). Our reconstruction model did not explain a high amount of variance in August
streamflow, however model improvements with subannual ring-widths over annual ring-widths
leads us to advocate for the expansion of earlywood and latewood chronologies in the Pacific
Northwest. Especially when used in tandem with more complex techniques, subannual

measurements could significantly improve the skill of hydroclimate reconstruction models.
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Figure 13. Reconstructed average August Streamflow 1574-2017. The dashed horizontal line
indicates the average observed flow of the instrumental data from 1938-2017 (804 cfs).
Reconstructed values were plotted with a 9-year rolling mean (bold line) to emphasize trends.

The sample depth, or number of cores contributing to each year, is indicated on the secondary
axis.
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